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Abstract. This article presents a new model-independent constraint for bouncing black hole
geometries. This constraint, applicable for a physical black hole formed by a collapsing
compact object, sets a bound on the minimal allowed radius of the time-like surface of the
collapsing star at the bounce. It follows from this bound that the shell always bounces
in an untrapped region or precisely on a trapping horizon. This constraint is of purely
kinematical origin as it descends from the continuity of the metric between the geometries
describing the interior and exterior of the collapsing object so that it is completely model-
independent. The second part of this work investigates the conditions under which an effective
extension of the Oppenheimer-Snyder collapse can describe consistent black-to-white hole
bounces. Therefore, we present a general framework in which the collapse can lead to the
formation of outer and inner horizons. We show that on top of the previous kinematical
constraint, an additional dynamical condition has to be satisfied in order for the model to
admit well-defined black-to-white hole solutions. As expected, this second condition turns out
to be model-dependent. The resulting class of models describing bouncing compact objects
are characterized by three parameters for the star (mass, initial radius and density) and
two quantum parameters descending from the UV-completion of the exterior and interior
geometries. The solution space contains (1) bouncing stars and (2) bouncing black holes
and (3) a new class of astrophysical objects which alternate between a bouncing star and
a bouncing black hole. Finally, we provide an explicit construction of a black-to-white hole
bounce using the techniques of spatially closed LQC and discuss the novel properties induced
by the presence of the inner horizon in this new framework. This generic framework lays down
the foundation for interesting phenomenological investigations concerning the astrophysical
properties of these objects, as well as a novel platform for further developments.
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1 Introduction
General Relativity (GR) predicts that for sufficiently dense matter, gravitational collapse
can lead to the formation of a trapping horizon bounding a trapped region. Provided that
the standard energy conditions are satisfied, the collapse inevitably generates pathological
singularities which signal the breakdown of GR as a predictive theory at high energies. As
such, the ultra compact objects detected so far through gravitational wave astronomy cannot
be modeled by the standard black hole solutions of GR all the way down to the Planck scale.
A complete description of such objects, therefore, requires an ultraviolet (UV) completion of
GR.
While a full theory of quantum gravity is still out of reach, important lessons have how-
ever already been learnt from the quantization of symmetry reduced gravitational systems.
The quantization of cosmological backgrounds result in a mixing of the classical contracting
and expanding trajectories, providing bouncing cosmological dynamics. See Ref. [1] for a
review. Similar results have also been obtained in the context of canonical quantum gravita-
tional collapse. See Refs. [2–7] for previous results in this direction and Refs. [8–10] for more
recent investigations. While the robustness of such bounces are still largely restricted to sim-
ple enough models and the covariance of the construction is yet to be demonstrated1, the idea
that classically disconnected solutions of GR can be connected at the quantum level suggests
an interesting possible outcome for gravitational collapse. As already argued in Ref. [15], the
1In particular, in the context of LQC, the standard strategy of polymerization suffers from several draw-
backs, among which a consistent implementation of covariance. See [11–14] for more details.
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classical black and white hole solution sectors of gravitational collapse might also superpose
at the quantum level to eventually leads to a black-to-white hole transition. This elegant
idea raises many unanswered questions. What is the nature of the quantum transition when
the geometry tunnels from a trapped to an anti-trapped region? Do the associated quantum
gravity effects remain confined to the deep interior or can they extend up to the horizon scale?
What is the time scale associated with this tunneling and how does it scale with the black
hole mass for an asymptotic observer? Is this mechanism a dominant or sub-dominant process
w.r.t. Hawking evaporation? And, finally, can it lead to a resolution of the information loss
paradox?
These open questions can only be answered in the framework of a non-perturbative
quantum theory of gravity where the transition amplitude associated to this phenomenon
could be concretely computed2. Such a theoretical framework being still out of reach de-
spite numerous efforts, the strategy has been to investigate this plausible mechanism using
effective methods; see Refs. [18, 19] for reviews. Several effective models of black-to-white
hole transition have been constructed thus far, using different setups such as the black hole
firework based on collapsing null shells [20], the shock wave approach [21–23], and the dif-
ferent polymer black hole interior geometries inspired from LQG [25–27]. See Refs. [28–32]
for more detailed investigations of these different effective constructions and Refs. [33–42]
regarding the LQG inspired models. Bouncing quantum black holes have also been discussed
recently in [8–10] using affine coherent state quantization. Since these models are based on
very different assumptions, such as different choices of the scale at which quantum gravity
effects become dominant, their conclusions remain very strongly model-dependent. In order
to gain insight on some of the above questions, it is therefore crucial to develop as much
as possible model-independent approaches which could serve to extract general properties of
these possible bouncing compact objects. It has been shown that reversing this logic, and
assuming that self consistent black holes are geodesically complete geometries, one can derive
interesting generic constraints on the realization of such regular ultra compact objects even
working within standard Riemannian geometry. See for example the recent classification of
these geometries presented in Refs. [43, 44].
More recently, the seminal Oppenheimer-Snyder-Datt (OSD) model of gravitational col-
lapse introduced in Refs [47, 48] was revisited along these same lines in Refs. [45, 46]. An
interesting advantage of the OS model is to provide an simple platform to test the construc-
tion of bouncing compact object by importing techniques from quantum cosmology. Indeed,
the classical OSD solution relies on the gluing of the Schwarzschild exterior geometry with the
spatially closed Friedmann universe filled with dust, across a time-like thin shell which rep-
resents the surface of the star [48]. Instead, by assuming the existence of a regular bouncing
interior geometry, one can then investigate the consequences on the dynamics of the resulting
bouncing compact object. Quite surprisingly, this exercise revealed the existence of model
independent constraints on the allowed energy scale of the bounce. More precisely, it was
shown in Ref. [45] that if a bounce occurs, it can only occur above the threshold of horizon
formation such that no trapped region can ever form. This conclusion holds independently of
the mechanism responsible for the singularity resolution, and relies only on i) the continuity
of the induced metric across the time-like surface of the star, and ii) the assumption of a
single horizon exterior geometry (modelled by the classical Schwarzschild metric). This gen-
eral construction was then used in Ref. [46] to model a bouncing compact object using the
2See Refs. [16, 17] for efforts in this direction.
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effective bouncing dynamics of the spatially closed loop quantum cosmology (LQC) developed
in Refs. [49, 50].
The goal of the present work is to generalize the above results and investigate the
consequences of this model-independent constraint found in Ref. [45] when relaxing the
assumption of the Schwarzschild exterior geometry, and allowing instead for a more general
spherically symmetric exterior geometry with possibly multiple horizons. Indeed, the result
obtained in Ref. [45] suggested that in order to form a trapped region which eventually
tunnels into an anti-trapped region, a missing key ingredient to include in the analyses was
the formation of an inner horizon during the process.
In order to test this idea and make the argument as general as possible, we will therefore
relax in several ways the assumptions used in Ref. [45] to derive our earlier result. To this
end, we shall consider the gluing of two general spherically symmetric geometries across a
time-like thin shell and only assume the existence of a bounce at some point in the dynamics.
Using this rather general ansatz, we shall derive a generalization of our earlier result which
explicitly relates the minimal allowed radius of the time-like surface of the collapsing object
at the bounce with the Misner-Sharp mass of the exterior geometry. Since this quantity
encodes the horizon structure, it allows one to discuss the consequences of having an inner
horizon compared to the Schwarzschild case investigated in Ref. [45]. This constraint at
the bounce will now depend solely on the continuity of the induced metric across the time-
like thin shell, and as such, will provide a kinematical constraint for such bouncing object,
completely independent of the mechanism responsible for singularity-resolution. The major
result descending from this constraint is that for such general gluing, the shell can bounce
only in an untrapped region. Hence, while the formation of a trapped region was forbidden
in Ref. [45], the more general setup discussed here allows one to describe a bouncing black
hole. As anticipated in Ref. [45], the formation of an inner horizon turns out to be crucial in
order to model such ultra compact objects.
The above kinematical constraint being only a necessary condition, additional assump-
tions are needed to build a well-defined model and a given dynamics has to be chosen through
a choice of the second junction condition. We shall thus assume the standard Israel-Darmois
matching conditions. Then, we will assume that the exterior geometry is static and possesses
both an outer and an inner horizon, but the Misner-Sharp energy will be kept unspecified.
The interior geometry will correspond to a bouncing spatially closed Friedmann-Lemaître
(FL) universe filled with dust. Nevertheless, we shall also remain agnostic on the singularity
resolution at play, and use the same parameterization of the quantum corrections as the one
introduced in Ref. [45]. Using this generic setup, we present a general solution to the junction
conditions and derive a generalized mass relation involving the Misner-Sharp mass function
characterizing the exterior geometry, the energy content of the thin shell and the quantum
corrections of the interior geometry. Starting from this new mass relation, we can extract
a dynamical constraint which will play a crucial role in selecting the allowed dynamics. In-
terestingly, we will show that this constraint, although derived from a different perspective,
encodes the same restriction on the energy scale of the bounce as the previous kinematical
constraint derived in the first part. We will then deduce from it a classification of the allowed
objects depending on the position of the minimal radius with respect to the outer and inner
horizons.
To finish, we will use the lessons gained from deriving the constraints in the first two
sections to construct an explicit example of a black-to-white hole bounce, for a collapsing star,
within the thin shell formalism. In order to have a tractable exterior geometry describing a
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regular black hole with outer and inner horizons, we will use the recent proposal introduced
in Ref. [53]. The interior geometry of the collapsing matter will be modeled by the bounc-
ing spatially closed LQC already used in Ref. [46]. Hence, both the exterior and interior
geometries come with their own UV cut-off scales, denoted respectively β and λ. Depending
on the range of these two parameters, we will show that there exists well-defined solutions
to the above constraints which allow one to describe an effective black-to-white hole bounce.
The resulting bouncing compact object is therefore characterized by five parameters. The
classical parameters correspond to its asymptotic ADM massM as well as its maximal radius
Rmax and minimum energy density ρmin. Contrary to the classical OS model, the density is
now a free parameter and is not fixed by setting (M,Rmax). Then, the quantum parameters
are given by the UV cut-off (β, λ) associated with the exterior and interior geometries. The
consistency of the model imposes a precise hierarchy between these parameters. Interestingly,
the existence of an inner horizon through the non-vanishing parameter β allows one to apply
the model to macroscopic objects, a possibility which was excluded in Ref. [46] where only
Planckian relics could be considered. We need to emphasize that the thin shell turns out to
be crucial in this construction as it encodes part of the quantum effects. As we shall see, the
perfect fluid carried by the thin shell violates the weak energy condition only near the bounce
but satisfies it otherwise.
To summarize, this work presents new model-independent constraints to construct ef-
fective black-to-white hole bounces in the context of the thin shell formalism. As opposed
to eternal black holes, which are objects of purely mathematical interest, these constraints
are applicable only for physical black holes being formed by matter collapse. In this precise
sense, our analyses goes much above and beyond previous works in which a black-to-white
hole transition was considered only for vacuum spherically symmetric spacetimes, such as in
LQG inspired models [25–27]. These new constraints underline the crucial role played by the
formation of an inner horizon in the process, and suggest therefore new challenges for the
model building of these bouncing black holes. While the explicit model we use as an example
is effective and appears at best as illustrative, it nevertheless has the merit to provide a re-
alization of a black-to-white hole bounce which encompasses several crucial ideas introduced
in the initial Planck star proposal [54]: it includes the role of collapsing matter, implements
a scale of quantum gravity dictated by the density of the compact object, and regularizes the
singularity using the techniques of LQC to finally describe a black-to-white hole transition
where the quantum effects are confined in the deep interior region. The framework developed
here should therefore serve as a starting point for additional investigations on not only the
phenomenology but also the quantization of these bouncing black holes.
The article is organized as follows. Section 2 presents the general kinematical and model
independent constraint for the construction of bouncing compact objects. Then, Section 3
presents the construction of the dynamics of such a compact object and introduces the dynam-
ical constraint corresponding to the matching condition of the energy content in the exterior
and interior regions. To finish, Section 4 presents an explicit example of a black-to-white hole
bounce.
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2 Kinematical model-independent constraint for bouncing black holes
Let us begin by stating the explicit assumptions of our construction:
1. We assume spherical symmetry in (3 + 1)-dimensions;
2. We demand the continuity of the induced metric across a time-like thin shell representing
the surface of a star joining two spherically symmetric (possibly dynamical) geometries;
3. We assume the existence of a bounce in the interior geometry as a resolution of the
classical singularity.
In the following, we show that starting from this general set-up, one can extract a purely
kinematical constraint on the energy scale of the assumed bounce and on the required horizon
structure to form a consistent black-to-white hole bounce.
Let us consider two spherically symmetric spacetimesM± which describe, respectively,
the exterior and the interior region of a compact object. Without any loss of generality, we
can write these two geometries as
ds2± = −e2Φ±(t±,r±)f±(t±, r±)dt2± +
dr2±
f±(t±, r±)
+ r2±dΩ
2 , (2.1)
where (+) and (−) correspond to the exterior and interior regions, respectively3. In partic-
ular, notice that we allow here for fully dynamical geometries. It is a standard practice to
parametrize the exterior and interior metric functions f±(t±, r±) as
f±(t±, r±) = 1− 2Gm±(t±, r±)
r±
, (2.2)
where m±(t±, r±) are the Misner-Sharp masses of the exterior and interior regions, respec-
tively, which are canonical scalar quantities associated to each regions.
Consider then a time-like thin shell T joining these two geometries. The unit spacelike
vector, normal to this hypersurface, is denoted nµ∂µ and satisfies nµnµ = +1. We denote the
intrinsic coordinates {ya} on T with a ∈ {0, 1, 2} and the four dimensional coordinates in
M± as {xµ±} with µ ∈ {0, 1, 2, 3}. The projection from the bulk regionsM± to the time-like
shell T is performed via the projector ±eµa defined as
±eµa =
∂xµ±
∂ya
, ±eµa
±ebµ = δ
b
a ,
±eµanµ = 0 (2.3)
The induced metric γ±ab and the extrinsic curvature K
±
ab of the hypersurface T w.r.t. to each
regionsM± are then defined as
γ±ab =
±eaµ
±ebνg
±
µν , K
±
ab =
±eµa
±eνb∇µnν (2.4)
where ∇ is the covariant derivative compatible with the 4d metric g±µν of the exterior/interior
regions. In order to have a consistent gluing of the two geometriesM± across T , one has to
3Notice that we could have used the more general metric where g±θθ(t±, r±) = R
2
±(t±, r±). However, except
at the minimum of the physical radius R(t, r), this metric can locally be written in the form (2.1) using the
Kodama foliation. Then, one can show that it does not modify the derivation of the kinematical constraint
(2.12).
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impose junction conditions. The set of conditions to be imposed descends from the theory
of gravity under consideration, theory which admits M± as solutions of its field equations.
In GR, these matching conditions are the well known Israel-Darmois junction conditions and
can be split into a kinematical constraint imposing the continuity of the induced metric across
T and a second dynamical equation which equate the discontinuity of the extrinsic curvature
across T to the stress energy-momentum tensor of the shell. Conservation equations for this
stress tensor follow from the Israel-Darmois junctions conditions and the ADM and scalar
constraint evaluated on the shell. When considering higher order gravity theories, these
junctions conditions are supplemented with additional dynamical conditions involving the
additional degrees of freedom4. Nevertheless, the continuity of the induced metric across T
is shared by any covariant theories of gravity. As our goal is to derive a model-independent
constraint for bouncing compact objects, a natural strategy is to focus on this kinematical
condition and check what are the consequences when assuming a bouncing interior dynamics.
Therefore, in the following, we shall focus on the consequences of only imposing
[γab] = 0 (2.5)
where the bracket of a quantity X corresponds to [X] = (X+ −X−) |T .
Let us denotes the coordinates {ya} on T as {ya} = {τ, θ, φ} such that τ is the proper
time of the shell and the angular coordinates on T and onM± are identified. Hence, the time
and radial coordinates in the exterior and interior regions can be parametrized as t± = T±(τ)
and r± = R±(τ) on T such that the induced metric on T reads
ds2±
∣∣
T = −
[
e2Φ(T±,R±)f(T±, R±)T˙ 2± −
R˙2±
f(T±, R±)
]
dτ2 +R2±(τ)dΩ
2 , (2.6)
where a dot corresponds to a derivative w.r.t. the proper time τ . Therefore, the induced
metric on T can be rewritten as
ds2±
∣∣
T = −dτ2 +R2(τ)dΩ2 . (2.7)
The continuity of the induced metric across T imposes the following key relations
e2Φ(T±,R±)f(T±, R±)T˙ 2± −
R˙2±
f(T±, R±)
= 1 , R+(τ) = R−(τ) , (2.8)
which are evaluated on the shell T . The second condition allows us to drop the subscript for
the radius of the shell and denote it simply as R(τ). Let us again stress that these conditions
are purely kinemtical and valid for any metric theories of gravity.
Let us now focus on the function A+(τ) = T˙−1+ associated to an observer on T with the
exterior time coordinate T+. From Eq. (2.8), one obtains
A2+(τ) = e
2Φ+(τ)f2+(τ)
[
f+(τ) +
(
dR(τ)
dτ
)2]−1
. (2.9)
If there is a bounce, as we assumed, then R(τ) reaches a minimum Rb at the bounce time τb,
i.e.,
R˙(τ)
∣∣
τb
= 0 , R¨(τ)
∣∣
τb
> 0 . (2.10)
4See [55] for the junctions of f(R) theory for example.
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Then, at the bounce, the lapse function (2.9) satisfies
A2+(τ)
∣∣
τb
= e2Φ+(τ)f+(τ) > 0 . (2.11)
Using the parameterization (2.2), the Lorentzian signature of the metric implies that e2Φ+(τ) >
0 everywhere and that f+(τ) > 0 at τb, which means that
R (τb) > 2m+ [T+ (τb) , R (τb)] . (2.12)
This inequality constitutes our main result for this section. It sets a lower bound on the
minimal radius that can be reached by the time-like surface of the collapsing star. Note
that all our conclusions so far only rely on the continuity of the induced metric across the
thin-shell and is valid for any spherically symmetric and possibly dynamical geometries. This
bound on the radius can equivalently be translated to an upper bound on the maximum
energy scale at which the bounce can take place. To illustrate this further, it is useful to
compute the expansion of out-going and in-going null rays evaluated on T . While their
individual expressions depend on the choice of null vectors, a canonical quantity is given by
their product. Provided the foliating 2-surface is spherically symmetric, the product of the
expansions for any pairs of in-going and out-going nulls vectors is given by
θ>θ<(τ) =
4
R2(τ)
{
2M+ [T+ (τ) , R (τ)]
R (τ)
− 1
}
. (2.13)
where the subscript > (resp. <) corresponds to out-going (resp. in-going) null rays. The
constraint (2.12) implies that
θ>θ<(τb) 6 0 , (2.14)
This means that the hyper-surface T corresponding to the surface of the compact object can
bounce only in an untrapped region in which θ>θ<(τb) < 0 or precisely on a trapping horizon
for which θ>θ<(τb) = 0. The outcome of the collapse, therefore, depends on the horizon
structure of the exterior geometry.
To illustrate the kinematical condition (2.12), consider the following two choices of the
Misner-Sharp mass function.
1. The Schwarzschild spacetime has m+[T+(τ), R(τ)] := M for all τ . The condition (2.12)
simply implies that the compact object can never cross its Schwarzschild radius so that
the bounce must occur outside this region, i.e. R(τb) > 2GM . This obviously prevents
the formation of any trapped region. This confirms the result we obtained in Ref. [45].
2. If the mass function is such that f+ has two zeros, which encode the locations of an
outer and an inner horizon, the dynamical radius of the shell can in principle cross the
outer horizon and the collapse can lead to the formation of a trapped region followed by
the formation of an inner horizon. However, the condition (2.14) implies that the shell
has to bounce in an untrapped region where θ>θ<(τb) < 0 or on a trapping horizon
where θ>θ<(τb) = 0. In the former case, a bouncing black hole can exist only if an
inner horizon is formed in the process5. It is obvious that if one wants to keep the
5If the bounce happens when θ>θ<(τb) = 0, either the bounce coincides with the formation of the inner
horizon, or it corresponds to the formation of more exotic transition hyper-surface where θ>(τb) = 0 and
θ<(τb) = 0 simultaneously. This second case is realized in LQG inspired models of vacuum spherical symmetry
such as [26, 27], but is inconsistent with the dynamical constraint considered later on when the interior is
modeled with a spatially closed FL universe filled with dust. See the discussion below Eq (3.38).
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quantum corrections confined to a small region in the deep interior, we would have to
consider this case with the mass function having multiple zeros, underlining the crucial
role palyed by the inner horizon in this process.
Before going any further, let us emphasize that the constraints (2.12) and (2.14) are purely
kinematical and descend solely from i) imposing the continuity of the induced metric on the
time-like thin shell Σ and ii) assuming the UV-completion of the matter collapse model via the
existence of a bounce in the dynamics of the interior geometry. In order to show the robustness
of our result, it is useful to reproduce the derivation of this kinematical constraint in a gauge
where the metric is not singular at the horizon. This has been done in the Appendix using
instead the Gullstrand-Painlevé coordinates for a generally spherically symmetric spacetime.
3 From the kinematical to the dynamical constraint
Up to now, we have obtained a general kinematical bound on the energy scale of the bounce,
but this condition is not sufficient and one has to show that the shell can indeed cross the outer
horizon and form a trapped region (which can eventually turn into an anti-trapped region)
in order to form a bouncing black hole. While the previous result is completely model-
independent, this second condition will largely depend on the model under consideration.
Three elements have to be specified: the geometry of the outer spacetime, i.e. the function
m(t, r) in Eq. (2.2), the form of the quantum corrections and the set of junction conditions
to be imposed.
3.1 Parametrization of the exterior and interior geometries
We start by specifying the exterior and interior geometries.
3.1.1 Interior spacetime
Following our previous works [45, 46], we describe the inside of the collapsing star by a
homogeneous Friedmann-Lemaître spacetime with spherical spatial sections,
ds2 = −dτ2 +R2ca2(τ)
(
dχ2 + sin2 χdΩ2
)
. (3.1)
where a(τ) is the scale factor, τ the proper time of the interior region and 1/R2c corresponds
to the constant spatial curvature of the geometry. Its dynamics is dictated by the quantum
cosmology equations for a pressureless dust, through the function Ψ1 entering the modified
Friedmann equation,
H2 =
(
8piG
3
ρ− 1
R2ca
2
)
[1−Ψ1(a)] . (3.2)
The second Friedman equation can be parametrized similarly and the quantum corrections
have to be related by a consistency condition. See Ref. [46] for more details. We assume that
Ψ1 is such that there exists a minimum value of the radius of the star, i.e. a value amin such
that
Ψ1(amin) = 1 , 0 < amin < 1 , (3.3)
and that
0 ≤ 1−Ψ(a) ,≤ 1 ∀a ∈ [amin, 1] . (3.4)
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From the conservation of the stress-energy tensor, the energy density of the dust scales as
ρ(τ) =
E
a3(τ)
, with E = 3
8piGR2c
(3.5)
such that E corresponds to the minimal energy density of the star prior to collapse. Hence, Rc
actually encodes the minimal energy density of the compact object. Notice that in general,
we do not expect the continuity equation to keep its classical form in such effective quantum
corrected cosmology. However, we shall use this simplification for two reasons. First, this
scenario is realized in the case of spatially closed loop quantum cosmology, which we shall
use in the third section in order to model our interior bouncing geometry. Moreover, it
can be shown that several results obtained in the next sections are either independent of this
modification, or only affected quantitatively. Therefore, we shall work with this simplification
for now on.
The induced metric of the shell T w.r.t the interior region is given by
ds2− = γ
−
abdy
adyb = −dτ2 +R2ca2(τ) sin2 χ0dΩ2 (3.6)
This amounts to choosing that the proper time of the shell and the proper time of the
homogeneous interior region coincide. Then the shell is located at χ := χ0 and the unit
normal co-vector to the shell is given by nµdxµ = Rca(τ)dχ. This choice is not unique and
one could work with a more general set up where the normal vector is not aligned with the
direction dχ. However, this setting simplifies several computations and allows one to avoid
non-vanishing gradient of the stress energy tensor on T when performing the gluing. The
extrinsic curvature is easily computed and is given by
K−abdy
adyb = Rca(τ) sin(χ0) cos(χ0)dΩ
2 (3.7)
The above embedding of the thin shell w.r.t the interior geometry implies that the outer
radius of the star is
R(τ) = Rmaxa(τ) , Rmax = Rc sinχ0 , (3.8)
with the initial conditions at τ = 0 given by a(0) = 1 and a˙ = 0, so that Rmax is the maximal
radius of the star. This concludes the presentation of the interior geometry M− and its
relation to the thin shell T .
3.1.2 Exterior spacetime
In order to simplify the problem, we shall restrict the exterior geometry to be static and
spherically symmetric
ds2+ = −f(r)dt2 +
dr2
f(r)
+ r2dΩ2 , (3.9)
with
f(r) = 1− 2Gm(r)
r
= 1− 2GM
r
k
(
2GM
r
)
(3.10)
such that M is a constant and the function k behaves as
k
(
2GM
r
)
→ 1 for r → +∞ (3.11)
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so as to recover classical Schwarzschild far away from the star (for a star of mass M). We
require that the spacetime has two horizons, so that k is such that f(r) has two zeros Rout
and Rin, i.e.
2GM
Rout/in
k
(
2GM
Rout/in
)
= 1 , 0 < Rin < Rout . (3.12)
Let us point that assuming the exterior geometry is singularity free and possesses an inner
horizon at Rin implies that it is characterized by an additional parameter which encodes the
deviation from the vacuum Schwarzschild geometry. As such, it plays the role of a UV cut-off
in the exterior geometry. We shall denote this parameter β. It will be used explicitly when
working with the specific choice (4.7) for the function k in Section 4.2.
The proper time of the shell being denoted τ , the exterior and interior time coordinates
can be parametrized as t := T (τ) and r := R(τ) on the shell T . Then, the four dimensional
extension of the three dimensional tangent time-like unit vector ua∂a = ∂τ associated to an
observer at rest on T is given by uµ∂µ = eµaua∂µ and reads explicitly
uµ∂µ = T˙ ∂T + R˙∂R , uµdx
µ = −fT˙dT + R˙
f
dR (3.13)
such that uµuµ = −1 and where a dot corresponds to a derivative w.r.t τ . The normal
spacelike vector nµ∂µ to T is given by
nµ∂µ =
R˙
f
∂T + fT˙ ∂R , nµdx
µ = −R˙dT + T˙dR (3.14)
such that nµuµ = 0. The induced metric on T is given by
ds2 = γ+abdy
adyb = −
[
fT˙ 2± −
R˙2
f
]
dτ2 +R2(τ)dΩ2 (3.15)
where the angular coordinates on T andM+ have been identified. Using the normal vector
to T , the extrinsic curvature of T w.r.t. M+ is easily computed and reads
K+abdy
adyb = − 1
fT˙
[
R¨+
f,R
2
]
dτ2 + T˙ fRdΩ2 (3.16)
Defining the associated scale factors by Rout/in = Rc sinχ0 aout/in and evaluating the function
k on the shell T , we can write
a∗
aout/in
k
(
a∗
aout/in
)
= 1 , 0 < ain < aout < 1 , (3.17)
where we have introduced the two parameters
sinχs ≡ 2GM
Rc
, a∗ ≡ sinχs
sinχ0
. (3.18)
Since the star is initially not a black hole, we have 0 < a∗ < 1. The exterior geometry depends
thus on the three parameters (χ0, χs, E) describing the star and also on the additional param-
eter encoding the existence of the inner horizon (and thus the deviation from Schwarzschild)
which can be understood as a UV cut-off. This concludes the presentation of the exterior
geometryM+ and its relation to the thin shell T .
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3.2 Junctions conditions
We now need to specify the junctions conditions to be imposed on the shell. In principle, this
junction conditions shall be derived from the UV complete theory of gravity under considera-
tion, which admits both the exterior and interior geometries introduced above as solutions of
its effective field equations. However, in practice, the derivation of these junctions conditions
can be highly complicated if not impossible. For example, if one is interested in perform-
ing the gluing of LQG inspired geometries, such derivation is out of reach. In order to make
progress, it is therefore tempting to use the standard Israel-Darmois (ID) junctions conditions
as a first step and adopt the following point of view. Both exterior and interior solutions can
be regarded as being GR solutions associated to an exotic energy-momentum tensor in the
exterior and interior regions. In particular, the energy-momentum tensor violate the standard
energy conditions such that it provides regular geometries both for the exterior and interior
of the compact object. From this point of view, one can then introduced the ID junction
conditions for a time-like shell which read
[γab] = 0 (3.19)
[Kab − γabK] = −8piGSab (3.20)
where Sab is the stress energy-momentum tensor on the time-like shell T and where the
bracket of a quantity X corresponds to the discontinuity of this quantity across T . In the
first section, we have discussed in details the consequences of the kinematical condition (3.19).
In the following, we shall investigate the consequences of the additional dynamical constraint
(3.20). We recall that the above junctions conditions together with the vectorial and scalar
constraints of General Relativity imposed on T allow one to derive two additional tenso-
rial conservation equations for the shell. However, these equations being a consequence of
the junction conditions and the Einstein equations in the bulk, they do not add any new
information. See [56, 57] for more details.
As first step, let us write down the constraints imposed by the kinematical condition
(3.19). Using Eq. (3.15) and Eq. (3.6), we obtain
fT˙ 2± −
R˙2
f
= 1 , R(τ) = Rca(τ) sinχ0 (3.21)
The consequence of the first condition has been discussed in detail in the first section. In
particular, one obtains that the differential of the exterior and interior time coordinate are
related through (
dT
dτ
)−2
= f2
[
f +
(
dR
dτ
)2]−1
(3.22)
As a second step, we write down the dynamical junction condition (3.20). The stress energy-
momentum tensor Sab on T is assumed to be a perfect fluid such that
Sab = σuaub + p (γab + uaub) (3.23)
where ua = (1, 0, 0) is the 3-velocity of the observer at rest with the fluid. Then, one has
that Sab = diag (−σ, p, p). This surface stress tensor is allowed to violate the standard energy
conditions. In order to write the different components of the tensorial equation (3.20) in a
compact form, we introduce the notation κab = [Kab − δabK]. Then, one has
σ = − κ
θ
θ
4piG
, p =
1
8piG
(
κτ τ + κ
θ
θ
)
(3.24)
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Using the components of the extrinsic curvature given by Eq. (3.7) and Eq. (3.16), one obtains
that
σ =
1
4piGR
(
cosχ0 − fT˙
)
(3.25)
σ + 2p =
1
4piGfT˙
[
R¨+
f,R
2
]
(3.26)
This fixes the time-evolution of the surface energy and surface pressure during the whole
bouncing dynamics. We shall now analyze further the consequences of the equation (3.25) on
the dynamics of the bouncing compact object.
3.3 Mass relation and the dynamical matching constraint
The relation (3.25) fixing the profile of the stress energy on T is the key relation to derive
the standard mass relation in the Oppenheimer-Snyder model where σ = 0. Below, we
investigate the modification to the classical mass relation induced by our choice of exotic
regular geometries.
Using the formula (3.22) together with the modified Friedman equation (3.2) and the
parametrization of the metric function f in term of the Misner-Sharp mass m, Eq (3.25) can
be recast into
m =
4pi
3
ρR3 − R
3
2G
[
Σ2 − 2 cosχ0
R
Σ +
(
8piG
3
ρ− 1
R2ca
2
)
Ψ1
]
(3.27)
where we have introduced the notation Σ = 4piGσ. It provides the generalized mass relation
for our bouncing compact object. As expected, when the energy of the shell vanishes, i.e
Σ = 0 and the quantum correction are ignored Ψ1 = 0, one recovers the Oppenheimer-Snyder
mass relation. Finally, using the formulas (3.10) and (3.5), one can rewrite this key relation
as
a∗
sin2 χ0
k
(a∗
a
)
= 1− a3
[
Σ˜2 − 2 cosχ0
a sinχ0
Σ˜ +
1− a
a3
Ψ1
]
, (3.28)
where we have introduced Σ˜ = RcΣ such that [Σ˜] = 1. Interestingly, this mass relation takes
the form of a second order polynomial equation for Σ. It will be well-defined only if the
determinant of Eq. (3.27) remains positive on [amin, 1], i.e. if
∆ =
4
a2 sin2 χ0
[
1− a∗
a
k
(a∗
a
)
+ sin2 χ0
(
1
a
− 1
)
(1−Ψ1(a))
]
> 0 . (3.29)
This relation relates only the Misner-Sharp energy, i.e. k(a), and the quantum correction
Ψ1(a). Remarkably, one can show that this dynamical constraint actually contains the kine-
matical condition obtained in the first section. Indeed, using that at a = amin, one has
Ψ1(amin) = 1, and one obtains
1− a∗
amin
k
(
a∗
amin
)
> 0 . (3.30)
Then, upon using Eqs. (3.10) and (3.18), this inequality at the bounce coincides exactly with
the kinematical condition (2.12) derived in the first section6. Finally, notice that if k(a) = 1
6Interestingly, the assumption that the continuity equation is classical is not necessary to re-derive the
kinematical constraint from the dynamical one, showing further evidence for the generality of this result.
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(i.e. the Schwarzschild geometry) and assuming no quantum corrections i.e. Ψ1 = 0, then
Σ = 0 leads to the standard OS mass relation.
To go further, let us introduce the notations
K(a) ≡ a∗
a
k
(a∗
a
)
, δ(a) ≡ sin2 χ0
(
1
a
− 1
)
[1−Ψ1(a)]. (3.31)
It follows from our hypothesis that δ(1) = δ(amin) = 0 and that 1 + δ(a) ≥ 1 on [amin, 1].
Then the function K is such that K(a → +∞) = 0 and K(a+) = K(a−) = 1. We also
assume that K(a) < 1 for a < a−, corresponding to the untrapped region inside the inner
horizon. Then, the condition (3.29) is rewritten as
K(a) ≤ 1 + δ(a) . (3.32)
This inequality leads to only three possible configurations, that are summarized in Fig. 1:
1. If amin ∈]a+, 1[, the star bounces before reaching the outer horizon. Since amin > a−,
we have
amin < K(a) < 1 , amin < 1 < 1 + δ(a) , (3.33)
so that the condition (3.32) is fulfilled. This is depicted in Fig. 1-left. Examples of such
configurations were given in Ref. [46].
2. If amin ∈]a−, a+[, then
K(amin) > 1 + δ(amin) = 1 , (3.34)
and the condition (3.32) will be violated before reaching the bounce. This is depicted
by the red zone on Fig. 1-middle which arises from the fact that the two curves 1 + δ(a)
and K(a) need to cross. Hence, the bounce cannot occur between the two horizons.
This is compatible with our general constraint (2.14). Note however that this same
conclusion is derived here from the dynamical properties, i.e. from the second junction
condition on the extrinsic curvature, and not from the first (non dynamical) junction
condition on the induced metric which was not needed in this case, and was sufficient
to prove Eq. (2.14).
3. If amin ∈]0, a−[ the conclusion on the viability of the model will depend on the explicit
form of k(a) and Ψ1(a) but note that the sufficient requirement will be that
K(a) < 1 + δ(a) , on ]a−, a+[ , (3.35)
for the model to be compatible with the condition (3.32) since K(a) < 1 for a < a−
as already stated. Fig. 1-right provides two examples, one (dashed) in which the model
is ill-defined and one in which the surface can cross both horizons and bounce. This
would offer a dynamical model for a bouncing black hole. A similar configuration arises
if a+ > 1.
This shows that, while the kinematical constraint is a necessary condition, the model has also
to satisfy the dynamical constraint (3.29) to be well defined. As an illustrative example, two
possible cases are represented in the bottom figure of Figure 1: the dashed line corresponds to
a model in which the kinematical constraint is satisfied but the dynamical one is violated (the
curves cross) while the solid blue line corresponds to a model which satisfies both constraints
and is therefore well defined.
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Figure 1. The three possible dynamics of a bouncing star. On each plot the black curve depicts
K(a) and the blue curve 1 + δ(a). The allowed range of scale factor for the dynamics in [amin, 1]
and K(a) shall not cross the shaded region for the model to be well-defined. Up- the star bounces
before crossing the outer horizon. Such a model provides a model for a bouncing star. Middle- when
a− < amina+ the two curves necessary cross on [amin, a+[ and the surface energy density is ill-defined
on the red zone where the condition (3.29) is violated. Note that a similar situation arises if a+ > 1.
Bottom- when amin < a− the conclusion will depend on the specific form of k(a) and Ψ1(a). If the
curves cross (dashed case for 1 + δ(a)) the model is ill-defined but there exist configurations (solid
line) in which the model remain well-defined while the star crosses both the outer and inner horizons.
This would provide a dynamical model of a bouncing black hole.
Before closing this section, let us point an interesting phenomenological implication of
the generalized mass relation (3.27). Due to the quantum corrections and the (non-trivial)
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thin shell, the minimum energy density E of the star is no longer fixed by its maximal radius,
Rmax, and its mass, contrary to the classical OS model where M = 4piρminR3max/3 holds
during the whole collapse. Now, thanks to the quantum corrections and the thin shell, the
density is a free parameter of the model, adding a new dimension in its parameters space. It
is therefore convenient to introduce, as in Ref. [46], the parameters
ξ2 ≡ 4pi
3
ER3max
M
such that Rc =
ξR
3/2
max√
2GM
. (3.36)
For the classical OS relation, one has ξ = 1 so that this parameter encodes how dense an
object can be at fixed maximal radius and mass compared to the classical case. Notice that
ξ encodes the portion of the mass of the compact object which is contained in the interior
region or is on the thin shell. A small ξ corresponds to a compact object having most of its
mass carried by the thin shell.
3.4 Tracking the internal causal structure with the Kodama vector
In order to follow the causal nature of the regions crossed by the thin shell, the easiest way is
to compute the norm of the Kodama vector and evaluate it on the shell. Using the definition
of the Kodama vector, see Refs. [58, 59] for details, its components read
ζα∂α =
[
αβ⊥ ∇βR(τ, χ)
] ∣∣∣
χ=χ0
∂α = a(τ) cosχ0∂τ − a˙(τ) sinχ0∂χ , (3.37)
with αβ⊥ = 
αβ/
√
γ the densitized Levi-Civita tensor associated to the two-dimensional base
space of the manifold with interior coordinates (τ, χ). Its norm, related to the Misner-Sharp
energy, is
ζαζα
∣∣
χ=χ0
= R2(τ)
[
H2(τ)− cot
2 χ0
R2c
]
. (3.38)
Note that because we have used the interior metric, the norm does not depend on the pa-
rameters of the exterior geometry, namely (M,β). A first observation to be extracted from
this expression is that at the bounce, i.e. when H = 0, the Kodama vector is time-like,
i.e. ζαζα
∣∣
χ=χ0
< 0. This confirms that at the bounce, the shell is in an untrapped region.
Moreover, the shell cannot bounce on a trapping horizon, since the norm of the Kodama
vector should be zero in that case. This last observation provides an interesting difference
from the construction of a black-to-white vacuum bounce in the LQG literature. Indeed, in
such effective models based on the polymer regularization of the Kantowschi-Sachs interior
geometry, the bounce is achieved on a spacelike-hypersurface at which both expansions van-
ish, i.e. θ+(τb) = θ−(τb) = 0; see Refs. [26, 27] for details. However, in our framework (where
the interior is modeled by the spatially closed FL cosmology), the transition is very different
since at the bounce θ+(τb) > 0 and θ−(τb) < 0 on the time-like shell. This difference comes
from the fact that the Kantowski-Sachs and the closed FL universe are not isomorphic to each
other, the former being anisotropic while the later is isotropic. There are therefore no reasons
to expect a similar behavior of the quantum transition in these two different scenarios. Let
us also emphasize that in the LQG literature, the interior of a vacuum (eternal) black hole
was modelled by a Kantowski-Sachs cosmology. Therefore, our constraints, and results, are
applicable to the more realistic scenario of black hole formation from a collapsing massive
object. In other words, our constraints arise when one tries to introduce quantum effects
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to get a black-to-white hole transition for the physically interesting matter-collapse case, as
opposed to the modelling of quantum vacuum black holes.
Finally, we point that this quantity can be used to track only the interior causal structure
and the formation of horizon in the κ = 1 FL universe. A more detailed investigation using
the exterior point of view and the matching conditions should allow to track the formation of
the horizon of the exterior geometry. However, this goes beyond the scope of this work and
we leave this for future investigations.
4 A concrete realization of black-to-white hole bounce
We can now investigate a concrete model of black-to-white hole bounce using the techniques
of LQC. This model provides a generalization of our previous study [46] which would now
also include macroscopic collapsing objects, with quantum corrections being confined to the
deep interior.
4.1 Bouncing interior geometry
To model the interior regular geometry, we follow the Ref. [46] and assume it is described by
spatially closed LQC [49, 50]. More precisely, we shall work in the connection regularization
scheme. Following the results of Refs. [49, 50], and extended in Ref. [46], the dynamics is
described by the modified Friedman equations
H2 = 8piG
3
(
ρ− 1
R2ca
2
)(
1− ρ− ρ1
ρc
)
, (4.1)
H˙+ 1
R2ca
2
= −4piG
(
ρ− 2ρ1
3
)(
1− ρ− ρ2
ρc
)
, (4.2)
ρ˙ = −3Hρ , (4.3)
where ρ1 and ρ2 are time-dependent functions whose explicit expressions can be found in
Ref. [46] and ρc is a constant critical energy density given by
ρc =
3
8piGγ2λ˜2
=
E
γ2λ
, with λ =
λ˜
Rc
, (4.4)
where λ˜ and γ are the UV cut-off introduced by the LQC corrections and the Barbero-Immirzi
parameter, respectively, while E is defined in Eq. (3.5). As was already pointed out in Ref. [46],
the effective scale at which quantum gravity becomes non-negligible turns out be given by
the dimensionless parameter λ = λ˜/Rc. Consequently, while the length scale λ˜ is expected to
be fixed once and for all, Rc changes from star to star according to its energy density and so
does the scale governing quantum gravity effects in that particular star. In conclusion, the
interior effective geometry is characterized by the three physical parameters (Rmax,M, E) of
the collapsing star, or equivalently, by (χ0, χs, ξ) and a parameter for the quantum theory λ
since we set γ = 1.
In terms of the parametrization (3.2), the quantum corrections are encoded in the func-
tion Ψ1 [46], introduced in Eq. (3.2),
Ψ1 =
λ2
a2
(
1 + γ
√
1
a
− 1
)2
. (4.5)
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As discussed in detail in Ref. [46], the dynamics exhibits two distinct minimal radii and a
maximal radius. Therefore, the object experiences two consecutive cycles of collapse and
expansion, starting from the maximal radius amax = 1, collapsing down to the first minima
a+min, expanding again and re-collapsing to the second minima a
−
min to finally reach again
the maximal radius, leading to a pulsating object with a two characteristic frequencies. The
existence of these two bounces is reflected in the parameter  = ±1 in Eq. (4.5). In term of
the scale factor, the minimal allowed values of the scale factor scales as
a
(±)
min(λ, γ) = γ
2/3λ2/3 ∓O(λ2) , (4.6)
for λ 1. It is important to stress that the dynamics of the interior region is not affected by
the assumed form of the outside metric so that the dynamics of the collapse, and hence amin,
is identical to the one described in Ref. [46]. This effective UV completion therefore provides
the model of a pulsating object oscillating between Rmax and Rmaxa±min. This dynamics and
its deviations compared to the standard collapsing and expanding branches of the classical
spatially closed FL universe are depicted in Figure 8 of Ref. [46].
4.2 Regular exterior geometry with an inner horizon
In order to investigate the role of the inner horizon, we shall work with a regular spherically
symmetric black hole geometry. Indeed, imposing regularity of the interior geometry and
asymptotic flatness implies that the geometry exhibits at least two horizons. Such an effective
geometry provides therefore the ideal candidate to build a concrete model. Several such ad hoc
geometries have been proposed so far, such as the Hayward proposal and its generalizations
[51, 52], but most of them are quite complicated to use in practice. Moreover, while it would
be interesting to work with an exterior geometry descending from effective LQG models,
the available solutions do not provide both the required physical content and the simplicity
needed for our model. Instead, we shall turn to another candidate metric satisfying these
criteria.
Recently, a metric describing a regular black hole with a Minkowski core was proposed
by Simpson and Visser in Ref. [53]. The metric function (2.2) is given by
f(r) = 1− 2m(r)
r
= 1− 2M
r
k
(
2GM
r
)
= 1− 2M
r
e−
2GM
r
β , (4.7)
where the function k(2GM/r) corresponds to the parametrization of Eq. (3.10) and β is the
UV cut-off coming from the exterior geometry and encodes the deviation from Schwarzschild
geometry. Hence, the metric is asymptotically flat, and approximates the Schwarzschild
geometry for 2GM/r  1/β. The new length scale 2GMβ encodes the deviation from the
standard Schwarzschild geometry and can be understood as a quantum parameter descending
from a UV-completion of GR in the region exterior to the collapsing star. As shown in
Ref. [53], provided that the condition (4.8) below holds, this geometry is regular and possesses
two horizons at which f(r) = 0, i.e. at r = −2GMβ/W (−β), where W is the Lambert
function defined by W [x]eW [x] = x. Since β and r are positive, it implies that W (−β) needs
to be negative, i.e. one needs to require
0 < β <
1
e
. (4.8)
Then, the Lambert function enjoys two branches, the first such that −1 < W+(−β) < 0 and
the second such that −∞ < W−(−β) < −1. Given the condition (4.8), the metric has two
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horizons located at
R± = 2GMeW±(−β), (4.9)
such that 0 < R− < 2GMβ < R+ < +∞. It corresponds to
a± = a∗eW±(−β). (4.10)
When β → 0, we have R− → 0 and R+ → 2GM ≡ Rs, which corresponds to our previous
analysis [46].
4.3 The three families of bouncing compact objects
The issue of whether the above description provides for a model for a pulsating star experi-
encing black-to-white hole bounce depends on the parameters of the model. As can be seen
from Fig. 2, it is not sufficient that amin < a− since, even then the condition (3.35) can either
be satisfied or not. Note also that it has to be satisfied by each of the two cycles, the two
cycles being a specific characteristic of the LQC dynamics chosen for the UV-completion of
the geometry describing the interior of the collapsing star. It leads to 3 classes of objects:
(1) Stars that bounce above the outer horizon during their two cycles,
(2) Stars that bounce above the outer horizon in the first cycle and then cross both horizons
before bouncing in their second cycle, and
(3) Stars that cross both horizons before bouncing during their two cycles.
The phenomenology is thus richer and contains bouncing stars (1), bouncing black holes (3)
and a new kind of hybrid pulsating stellar objects (2) with a first cycle corresponding to a
bouncing star and the second cycle to a black-to-white hole bounce.
It is easily checked that the maximum of K(a) is reached in a = βa∗ and that K(βa∗) =
1/βe. When β decreases, a− is shifted to smaller values and a+ to higher values. Similarly
the peak of δ(a) increases with sin2 χ0. The plots of Fig. 2 also compare the cases in which
the external spacetime is described by a Schwarzschild geometry, so that, since k(a) = 1 for
that case, and for which the condition (4.7) is satisfied if and only if amin ≥ a∗, as was already
concluded in Ref. [46].
Figure 3 illustrates the dependence on the parameters (λ, β), showing that small values of
λ or with β → 1/e will generically lead to successful models. The case β ' 1/e is particularly
interesting because a− = a+ ' βa∗ – the horizons tend to merge – and K(a) is always
smaller than (βe)−1. If λ is small, then the model will be well-defined as soon as, going back
to physical units,
λ˜γ
β3/2
< 2GMξ , (4.11)
a condition that will be easily satisfied for stellar objects since one expects λ˜ to be of the order
of some Planck length. Finally, the different scales of the problem must satisfy the following
hierarchy
λ˜ R− < R+ < Rmax 6 Rc. (4.12)
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Figure 2. Bouncing black hole for an exterior geometry defined by Eq. (4.7) and assuming LQC
regularization. Top-left- The model is well-defined up to amin < a− for the minus-cycle (blue) but not
for the plus-cycle (red) and thus does not provide a viable model. Parameters: χ0 = pi/4, χs = pi/6
for the star, β = 0.35 for the external geometry and λ/Rc = 0.1 for the quantum corrections. This
implies a∗ = 0.707 which characterizes the radius at which the star would have crossed the horizon of
a Schwarzschild black hole (dashed line). We recover graphically the condition of Ref. [46] that amin
needs to be larger than a∗ for the model to be well-defined. Top-right- The model is ill-defined for
the two cycles. Parameters: χ0 = pi/4, χs = pi/5, β = 0.24, λ/Rc = 0.1. This implies that a∗ = 0.83.
Bottom-left- The model is well-defined and describes a star that is first bouncing before crossing the
outer horizon (first cycle in red) and the crosses the outer and inner horizons before bouncing (second
cycle in blue). Parameters: χ0 = pi/4, χs = pi/6, β = 0.335, λ/Rc = 0.14. Bottom-right- The model
is well-defined and the star crosses both horizons in its two cycles. Parameters: χ0 = pi/4, χs = pi/6,
β = 0.35, λ/Rc = 0.05. All these models are indeed ill-defined if the external space is described by a
Schwarzschild geometry (black dashed curve)
4.4 Thin-shell behavior
Having discussed the three possible realizations of bouncing compact objects which satisfy our
dynamical constraint, we turn now to the behavior of the energy and pressure of the thin shell.
This shell encodes part of the quantum corrections to GR and is a necessary ingredient of the
model in order to glue the exterior and interior geometries. The dynamically allowed profiles
of the surface energy Σ˜ correspond to the roots of the second order polynomial equation (3.28)
read
Σ˜± =
cotχ0
a
±
√
∆(a)
2
, (4.13)
where ∆ is given by Eq. (3.29) and Σ˜ has been defined below Eq. (3.28). We see that the first
branch Σ˜+ will always remain positive while the second branch Σ˜− can experience negative
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Figure 3. Dependencies of K(a) (black) and 1 + δ(a) (blue) for β = 0.3 (solid), 0.2 (dashed) and 0.1
(dotted) and λ = 10−3 (solid), 10−2 (dashed) and 10−1 (dotted). The red curve corresponds to K(a)
for a Schwarzschild external geometry.
values. At this stage, both branches can be considered as admissible. In order to choose
which one should be physically favored, let us consider their behavior in the classical limit
and near the bounce.
The classical limit of this model corresponds to an extension of the Oppenheimer-Snyder
model which includes a non-vanishing thin shell. In term of the parameter of the model, this
classical regime is obtained by sending β → 0 and λ/Rc → +∞ such that both quantum
corrections in the exterior and in the interior geometries vanish. In that classical regime,
the junction condition still allow for a non vanishing thin shell energy with two possible
branches. It is instructive to note that the standard Oppenheimer-Snyder model is recovered
in this regime provided one chooses the branch Σ˜GR− and set additionally sinχs = sin3 χ0.
In that case, one has Σ˜GR− = 0. At the end of the day, the classical limit of our model can
be understood as an extension of the GR solution represented by the seminal Oppenheimer-
Snyder model supplemented with a thin shell.
Consequently, the quantum extension presented in this work implies that the effective
thin shell contains both classical as well as quantum contributions. A crucial requirement is
that the modified effective thin shell approaches its classical GR counterpart when the quan-
tum corrections vanish. The two different branches Σ˜± as well as their classical counterpart
Σ˜GR± are depicted in Figure 4 below in two different cases. The first case on the top figure
corresponds to profiles of the effective thin shell during the two cycles of a black-to-white
hole bounces (the blue and red curves) while the GR solution is depicted in black. Solid line
corresponds to the first branch while the dotted lines correspond to the second branch. The
second case on the bottom figure corresponds to a hybrid object with one horizonless cycle
followed by a black-to-white hole bounce. It is straightforward to see that both branches Σ˜±
approach their classical counterpart in the regime where a→ 1, i.e in the classical regime. So
from the point of view of the classical limit, both branches satisfy the standard requirement.
Let us further point that if we impose that for sinχs = sin3 χ0, the shell has to vanish in
order to reproduce the seminal Oppenheimer-Snyder model, then only the branch Σ˜− can be
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selected. Finally, a last possible requirement might be motivated by the fact that the thin
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Figure 4. Rescaled surface energy Σ˜(a) of the thin shell during each phases as a function of the
scale factor a(τ). We have chosen G = 1 and χ0 = Π/4. Up : Two consecutive black-to-white hole
bounce (blue and red curves) and its classical counterparts (black curve). The other parameters are
fixed to: χs = pi/6, β = 0.35, λ = 0.05. Bottom: Hybrid case with one bouncing star without horizon
formation (blue) and one black-to-white hole bounce with outer and inner horizon formation (red)
and its classical counterparts (black). The other parameters are fixed to χs = pi/(6.1), β = 0.355,
λ = 0.14. The solid curves correspond to the (rescaled) positive branch Σ˜+ and the dotted curves to
the second branch Σ˜−.
shell encodes part of the quantum effect. As such, it might be interesting to select the branch
which violates the weak energy condition during the process. Again, this would select the
branch Σ˜− which is the only one that can have negative values. Finally, let us point that the
trace of the surface energy momentum tensor given by Eq (3.26) is independent of the chosen
branch for Σ˜. This concludes the discussion on the behavior of the effective thin shell.
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5 Discussion
Using the thin shell formalism, we have presented a new model-independent constraint for
bouncing black hole geometries. The first argument (Section 2) is purely kinematical and
thus valid for the gluing of any spherically symmetric geometries across a time-like thin shell
provided a bounce occurs in the interior region, the time-like thin shell being placed at the
surface of the collapsing matter. This general argument leads to the constraint (2.12) which
sets a bound on the minimal allowed radius of the shell at the bounce, encoded in the exterior
Misner-Sharp mass function. The general consequence of this bound is that the collapsing
object can bounce only when the thin shell is in an untrapped region or, precisely on a trapping
horizon, a property which is made explicit by the constraint (2.14) on the expansions. We
emphasize that this conclusion is rather general, and only assumes i) spherical symmetry,
ii) a time-like shell as the matching hypersurface (a physical requirement for any realistic
collapsing star), and finally iii) a singularity-free bouncing interior geometry. The purely
kinematical nature of this bound is made explicit by the fact that we never used the second
junction condition involving the extrinsic curvature but only the continuity of the induced
metric. Therefore, this kinematical constraint allows one to extract a very general property
of such bouncing compact objects which is completely model-independent: namely, that the
bounce can only occur either outside the outer horizon or inside the inner horizon. This is
our main result.
However, a key point is that this kinematical constraint is a necessary but not a suffi-
cient condition to model a consistent black-to-white hole bounce. To go further, one has to
make explicit choices for the dynamics. Therefore, in the second part of this work, we have
investigated the consequences of this constraint on a specific gluing between an exterior static
geometry and a bouncing spatially closed FL cosmology with dust. We have introduced a
general parameterization of the Misner-Sharp mass function and the quantum corrections to
the Friedman equations in order for the model to remain general enough. In order to glue
these two geometries, we have assumed that the second junction conditions take the form
of the Israel-Darmois matching constraints. Although they correspond to the classical ones,
we allow the perfect fluid sourcing the discontinuity of the extrinsic curvature to violate the
standard energy conditions in a local region where quantum gravity terms should dominate.
As such, the energy content of the thin shell encodes part of the quantum effects. Solving the
junction conditions, we have obtained a generalized mass relation (3.27) relating the exterior
Misner-Sharp mass function, the surface energy of the shell and the quantum corrections.
This matching condition has to remain satisfied during the whole collapse. Interestingly, this
constraint provides an efficient way to select a well-defined bouncing dynamics through the
positivity of the determinant (3.29).
As expected from the kinematical constraint, we have shown that depending on the
position of the minimal radius Rmin w.r.t. the positions of the inner and outer horizons, R±,
different family of objects can be identified when imposing the above consistency conditions.
When R+ < Rmin, the collapsing object never forms a trapped region and leads to a pulsating
horizonless star. When R− < Rmin < R+, the model is not well-defined. Finally, black-
to-white hole bounce can be realized only when Rmin < R−. Interestingly, the pictorial
representation of this dynamical constraint (see Fig. 1) provides an efficient and clean way to
determine whether a given model will be well-defined or not, depending on one hand on the
parameters, and on the other hand on the functions (k(a),Ψ1(a)).
In the end, we have proposed a concrete realization of a black-to-white hole bounce
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satisfying the derived consistency constraints. We have described the exterior spacetime by
the regular black hole metric of Ref. [53] and the interior spacetime by the spatially closed
LQC bouncing cosmology [49]. This extends the conclusions of our previous work [46], in
different directions.
• First, since the bounce can now occur well inside the black hole, at a radius smaller than
the inner horizon, quantum effects can remain confined to the deep interior. The weak
energy condition turns out to be violated near the bouncing point and, as such, the
inner horizon allows one to keep this quantum effects “hidden”7. Removing the inner
horizon (i.e. the limit β → 0) one would end up with a Schwarzschild exterior and a
violation of the WEC outside the Schwarzschild radius as discussed in Ref. [46].
• Second, the presence of an inner horizon also modifies the range of applicability of
the model. As shown in Ref. [46], a single horizon exterior geometry imposes drastic
conditions on the parameters of the model and only Planckian relics were then possible
to be modeled. However, in the present case, the inner horizon leads to a new constraint
on the parameters of the model, see Eq. (4.11). This condition can now in principle allow
for the description of macroscopic (i.e. stellar) objects. However, whether macroscopic
object can experience such bounce and therefore whether coherent quantum gravity
effects can extend to macroscopic scales can only be answered within a full quantum
theory of gravity. Condensation mechanism of quantum geometry d.o.f as discussed in
the context of GFT condensates [60–62] might provide an interesting way to realize this.
• Third, as already shown in details in Ref. [46], this bouncing interior geometry exhibits
two distinct bouncing pointsR±min and thus two consecutive phases of collapse/expansion.
Consequently, the class of objects becomes phenomenologically richer depending on the
position of the bouncing points R±min w.r.t. the inner and outer horizons R±. Besides
objects behaving as bouncing stars or bouncing black holes in both phases, we have
identified new hybrid objects alternating bouncing star and bouncing black hole behav-
iors. The realization of these different cases depends on the values of the exterior and
interior UV cut-off (λ, β). However, notice that this property is a peculiarity descending
from the choice of the interior geometry described by LQC dynamics. Nevertheless, it
suggests an interesting phenomenology for such bouncing compact objects.
This minimal model of a black-to-white hole bounce, therefore, opens several perspectives
and should serve a platform for further developments. Let us nevertheless point out several
limitations of the present construction. Firstly, we have used the standard Israel-Darmois
junction conditions to perform our gluing. In principle, the form of the junction conditions
to be used should descend from the UV theory under consideration. Since this derivation
is out of reach at the moment, the choice of working with the ID conditions is necessary in
order to make progress. Nevertheless, it is also worth keeping in mind that the dynamics of
the shell strongly depends on this simplifying choice. However, one can also argue that the
two geometries to be glued can be viewed as solutions of GR with a non-trivial (and possibly
exotic) energy-momentum tensor. Interpreting the two solutions considered here in that way,
one can consistently investigate their gluing as done in this work. Therefore, even if our
gluing appears rather artificial, it should be viewed only as a preliminary attempt to explore
7Note, however, that the outer trapping horizon in this case is not the event horizon and the interior of
the inner horizon can be “seen” by observers outside the horizon in principle.
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model-independent consistency conditions for such bouncing compact objects. In a second
step, it would be interesting to consider instead two geometries descending from the same
theory. Having listed the main limitations of the construction, let us now mention several
interesting directions it opens.
A crucial question to be investigated will be the characterization of the bouncing time
of these objects and how it scales with the black hole mass. Since it can include stellar mass
objects, the astrophysical signatures of these bouncing stars/black-hole need to be investi-
gated, along the same lines of Refs. [63–67]. Moreover, a careful study of the formation and
development of the trapping horizons associated to this bouncing compact object would also
be of interest, following for example the recent investigation of Ref. [68]. We postpone these
interesting questions to future works.
Another crucial point would be to understand how the kinematical constraint (2.12)
translates at the quantum level. Different approaches can be used to that end, using either
canonical methods such as, e.g., in Refs. [9, 10], the techniques of quantum reduced loop
gravity [24] or the systematical approach used for example in Refs. [69–72]. This last method
provides a systematic way to derive moment corrections in the effective equations satisfied by
the expectation values of quantum operators, thus going beyond effective models. This might
be applied to investigate the possible deviations to the Eq (2.12) induced by the quantum
fluctuations of the geometry.
Before concluding, let us point that while the formation of an inner horizon appears
to be a key ingredient of the present model, it might also generate new difficulties. Indeed,
it is well-known that such structures typically generate pathological instabilities known as
mass inflation; see e.g. Refs. [74–76]. The same is true of the white hole horizon, which is
also known to be generically unstable. Adding dynamical evaporative effects might produce
geometries without Cauchy horizons, but that this is outside the scope of this work. More
explicit investigations are required to come to a definitive conclusion about these issues.
We conclude by emphasizing that the major outcome of this work is to show that even
if a full quantum theory of gravity is not yet available, some knowledge and astrophysical
phenomenology can still be gained by considering general model-independent arguments such
as the kinematical constraint presented in the first section. This is an encouraging step
towards a better understanding of non-singular gravitational collapse.
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A Robustness of the kinematical constraint against gauge choices
The Gullstrand-Painlevé gauge, for a general spherically symmetric spacetime, takes the form
ds2± = −e2Φ(T±,R±)
(
1− 2M±(T±,R±)R±
)
dT 2± + 2eΦ(T±,R±)
2M±(T±,R±)
R± dT±dR±
+ dR2± +R2±dΩ2 (A.1)
Proceeding as before, it is not difficult to see that the continuity of the induced metric on the
time-like shell leads to the two conditions
e2Φ(T±,R±)
(
1− 2M±(T±,R±)R±
)
T˙ 2± − 2 eΦ(T±,R±) 2M±(T±,R±)R± T˙±R˙± − R˙2± = 1 . (A.2)
R+ = R− (A.3)
where a dot corresponds to a derivative w.r.t. the proper time of the shell. These conditions
are the counterpart of Eqs (2.8) for the free-falling observer. At the bounce point, where the
radius of the shell vanishes, i.e. R˙(τ)
∣∣
τ∗
= 0, we get from (A.2) that
A2
∣∣
τ∗
= e2Φ+(T+(τ∗),R(τ∗))
(
1− 2M+(T+(τ∗), R(τ∗))
R(τ∗)
)
> 0 (A.4)
for the lapse function associated to an observer on the shell with the exterior time coordinate
T+. This coincides with Eq (2.11) derived in Section 2. Thus, it seems that our kinematical
constraint holds for gauges for which there exists no coordinate singularity at the horizon,
and as such, is a robust physical result and not an artifact of a specific coordinate choice.
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